Pressure-induced deconfinement of the charge transport 
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We studied the pressure dependence of the room-temperature infrared reflectivity of 
(TMTTF)2 AsFe along all three optical axes. This anisotropic organic compound consists of molec- 
ular stacks with orbital overlap along the a direction; due to electronic correlations the system is 
a quasi-one-dimensional Mott insulator with a charge gap A p ~ 70 meV. The gap is gradually 
reduced with increasing external pressure, accompanied by the onset of a Drude contribution along 
the stacking direction. In the perpendicular b' direction a Drude-like optical response is observed 
for pressures above 2 GPa. This behavior is interpreted in terms of a deconfinement of the electrons 
in a one- dimensional Mott insulator, i.e. an insulator-to-metal transition which occurs when the 
interchain transfer integral tb is approximately equal to half of the charge gap energy. We estimate 
the values of tf, and the Luttinger liquid parameter K p as a function of pressure. 

PACS numbers: 71.30.+h, 78.30.Jw, 62.50.+p 



I. INTRODUCTION 



The properties of quasi-one-dimcnsional conductors 
have been subject of intensive studies for half a century. 
A theory based on the one-dimensional (ID) Hubbard 
model predicts a non- Fermi- liquid metallic state(i*2i£ The 
situation, however, develops differently when the filling of 
the system is commensurate, since in this case, electronic 
interactions may cause a Mott insulating state. Although 
this phenomenon is possible in all dimensions, it is par- 
ticularly strong in the ID case via umklapp process^ 
The influence of the interchain coupling on the electronic 
properties of a half- and quarter-filled quasi-lD interact- 
ing electron system was studied theoreticallyi^*2*2i2i2ii£ 
It is predicted^ that with increasing interchain trans- 
fer integral tj_ such a system undergoes a deconfine- 
ment transition into a metallic state. The schematic 
phase diagram illustrating this phenomenon is shown in 
Fig. n Strictly speaking, the deconfinement transition 
takes place at T = when t± becomes larger than a cer- 
tain value and can be referred to as a quantum phase 
transition. For t± < t* ± the system is in a Mott insu- 
lating state and the single-particle interchain hopping is 
completely suppressed. If the interchain transfer integral 
exceeds a critical value t* ± , the insulating state is broken 
and single-particle interchain hopping becomes possible. 
Thus, the system evolves from a ID Mott-Hubbard insu- 
lator to a high-dimensional metallic state (trajectory 1 in 
Fig.nj. The theoretical study 5,6 of two coupled Hubbard 
chains predicts a close relation of the interchain transfer 
integral to the charge gap, fj_ oc A p iii While in a simple 
two-chain system no real deconfinement is observed^ 
for a large (infinite) number of chains^ the crossover is 
expected at some critical value t* ± » A p /2m^ 

If the temperature or energy scale at which the re- 
sponse of the system is probed becomes larger than t±, 
the warping of the open Fermi surface is masked. There- 
fore, the properties of the system are virtually the same 
as in the case of a flat Fermi surface, i.e., for a strictly 
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FIG. 1: Schematic phase diagram of the deconfinement tran- 
sition for a syst em o f weakly coupled conducting chains ac- 
cording to Refs. I3l9t Transition from a Mott insulator (MI) 
to a high-dimensional metallic (HDM) state occurs at T — 
when t± reaches a critical value t* ± (trajectory 1). At high 
enough temperature, the increase of t± leads to a transition 
from a Mott insulating to a ID Luttinger liquid (LL) conduct- 
ing state (trajectory 2) and finally to a dimensional crossover 
into an HDM state (trajectory 3). The temperature change 
at a fixed value t± may also lead to a transition from a Mott 
insulating to a LL state (trajectory 4), or to a dimensional 
crossover (trajectory 5). The horizontal dashed line indicates 
the path of our pressure study. 



ID system where the interacting electrons are described 
by the Luttinger liquid (LL) modeli Thus, the decon- 
finement transition at high enough temperature leads 
to a crossover from a Mott insulating to a LL metallic 
state (see trajectories 2 and 4 in Fig. Furthermore, 
a dimensional crossover from a LL to a high-dimensional 
metallic state occurs when the interchain coupling (i.e., 
the warping of the Fermi surface) becomes larger than 
the energy of thermal fluctuations (t± > fegT). This can 
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be achieved by increasing the transfer integral t± (tra- 
jectory 3) or by lowering the temperature (trajectory 5). 
In the high-dimensional metallic state the Fermi-liquid 
description is valid instead of the LL model. 

Suitable systems to study the predicted dimen- 
sional crossover and deconfinement transition are 
the well-known organic Bechgaar d-Fabre salta 14 ! 1 ^ 1 ? 
(TMTTF) 2 X and (TMTSF) 2 X. They consist of weakly 
coupled molecular stacks along which the charge trans- 
port occurs. Hereby, the type of the molecule (TMTSF or 
TMTTF) and of the anions X~ determine the coupling 
between the molecular stacks and thus the dimensional- 
ity of the system (chemical pressure effect). In particu- 
lar, the (TMTTF) 2 X salts consist of basically uncoupled 
chains, which are half-filled due to the dimerization along 
the chains. Thus, they constitute systems of electrons 
confined to the chains, forming a Mott insulating state, 
and are located on the left side of the diagram given in 
Fig. n At low temperatures the Mott insulating state of 
(TMTTF) 2 X salts is transformed into a charge-ordered 
state characterized by a disproportion of charge of the 
donor TMTTF molecules within the stacks. This fer- 
roelectric transition is strongly pressure-dependent, and 
the charge-ordered phase can be suppressed by the appli- 
cation of a moderate pressure of a few kbarsiiii^ On the 
other hand, the compounds (TMTSF) 2 X represent ex- 
amples of quasi-lD metals and they are on the right side 
of the diagram, since the enhanced interchain coupling 
leads to a charge deconfinement. 

The low-temperature optical conductivity spectra of 
the TMTSF salts along the stacks are characterized by 
two distinct features: a narrow mode at zero energy 
containing a very small part of the spectral weight and 
a high-energy mode centered at around 200 cm -1 ^ 
The latter feature was interpreted in terms of the Mott 
(charge) gap of a ID insulator^ The frequency depen- 
dence of the optical conductivity in the energy range 
above the effective interchain transfer integral [about 
250 cur 1 for (TMTSF) 2 PF 6 ] is well described by a LL 
model, since the system can be considered as effectively 
one-dimensional. On the other hand, the zero-energy 
mode was suggested to originate from the effective dop- 
ing of the ID Mott insulator due to the deconfined inter- 
chain electron hopping. Thus, it is related to 2D physics 
and could be successfully described by the Fermi-liquid 
model. 19 Similar on-chain optical conductivity spectra 
with the dominating Mott gap were also observed for 
TMTTF compounds. 21 However, the zero-energy mode 
typical for TMTSF salts is absent, since these systems 
are in the confined state where interchain hopping is sup- 
pressed. Thus, optical spectroscopy on the high-energy 
range (larger than the interchain transfer integral) ad- 
dresses electronic interactions in ID, while dc resistivity 
measurements are more susceptible to interchain hopping 
and thus reveal deviations from a strictly ID picture. 

First hints for the deconfinement transition and 
the dimensional crossover were found by pressure- 
dependent transport measurements on (TMTTF) 2 PF@ 



and (TMTSF) 2 PF 6 crystals^ The effect of the di- 
mensional crossover occurring during the tempera- 
ture decrease was addressed by an optical study of 
(TMTSF) 2 PF 6 i 2 ^ Lateron, the above-mentioned theoret- 
ical criterium for the deconfinement transition was ver- 
ified by comparing the ambient-pressure optical spectra 
of different Bechgaard-Fabre saltsji^ i.e., making use of 
the effect of chemical pressure on the interchain coupling. 
However, this approach has disadvantages, since only a 
limited number of discrete pressure points correspond- 
ing to particular compounds are available. Moreover, 
atomic substitution (especially for sulfur and selenium 
atoms) may appreciably affect not only the interchain 
transfer integral t±, but also the stack dimerization, on- 
chain bandwidth, Coulomb repulsion etc. 

A more direct and cleaner way to study the deconfine- 
ment transition experimentally is the application of ex- 
ternal pressure, since the changes in the electrodynamic 
response can be monitored while the interchain coupling 
is being continuously tuned. In this paper we present 
the results of the first pressure-dependent infrared spec- 
troscopic study on the salt (TMTTF) 2 AsF 6 which is a 
prime example of a ID Mott-Hubbard insulator at am- 
bient pressure The main aim of the present in- 
vestigation is to determine the pressure-induced changes 
in the optical response of (TMTTF) 2 AsFg during the 
deconfinement transition and the dimensional crossover. 
During our experiment we thus intended to follow the 
evolution of the system along the dashed arrow in Fig. ^ 
A quantitative analysis of the measured spectra was per- 
formed, in order to extract the value of the interchain 
transfer integral t± as a function of pressure. The ob- 
tained results are compared to the ambient-pressure op- 
tical response of different Bechgaard-Fabre salts and dis- 
cussed in terms of the expected crossover from insulating 
(TMTTF) 2 X to metallic (TMTSF) 2 X compounds. 



II. EXPERIMENTAL 

Single crystals of (TMTTF) 2 AsFg were grown by stan- 
dard electrochemical growth procedure. A diamond anvil 
cell equipped with type IIA diamonds suitable for in- 
frared measurements was used to generate pressures up 
to 6 GPa. Finely ground Csl powder was chosen as 
quasi-hydrostatic pressure transmitting medium. The 
measured samples had as-grown specular surfaces per- 
pendicular to the c axis and a thickness of about 50 /im. 
The lateral dimensions were approximately 80 x 80 /im 2 . 
The pressure in the cell was measured using the ruby lu- 
minescence method^ Polarized reflectivity spectra were 
recorded at room temperature utilizing a Bruker IFS 
66v/S FT-IR spectrometer in the mid-infrared (mid-IR) 
frequency range (550 - 8000 cm -1 ). To focus the beam on 
the small sample in the pressure cell, an infrared micro- 
scope (Bruker IRscope II) coupled to the spectrometer 
was used. 

The intensity spectrum Id(^) reflected from the lower 
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FIG. 2: (Color online) Reflectivity spectra R s -d of 
(TMTTF)2 AsFe at room temperature as a function of pres- 
sure for E||o, E||6', and E||c* at room temperature. Note 
the different pressure values for E||a, 6' and E||c*. The inset 
shows the normalized pressure-induced change of the reflec- 
tivity 5R s - d (P) = R s -d(P)/Rs-d{Pmin)-l at 630 cm" 1 . 
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FIG. 3: (a) Comparison of the measured reflectivity R s -d of 
(TMTTF) 2 AsF 6 with the fits, according to Eqs. and @, 
for E||a for two pressures (0.5 and 3.0 GPa); (b) corresponding 
optical conductivity <ti (uj) spectra from the fit compared with 
the optical conductivity obtained by the KK analysis. 



fectly compensated. Therefore, this part of the measured 
spectra is not shown. In order to check the reproducibil- 
ity of the results, we have performed four high-pressure 
measurements on different (TMTTF^AsFg crystals. 



air-diamond interface of the diamond anvil served as ref- 
erence. The obtained reflectivity spectra R s -d{to) refer 
to the absolute reflectivity at the sample-diamond inter- 
face calculated according to 

Rs-d{u) = Rdia ■ 7 7 - r (1) 

where I s -d is the intensity reflected from the sample- 
diamond interface and Rdia is the absolute reflectivity 
of the diamond-air interface. Since the refractive index 
of diamond^ rid — 2.38 is almost frequency indepen- 
dent below 10 4 cm -1 , Rdia — 0.167 was used in our 
analysis. Furthermore, it was assumed to be pressure- 
independent^i The reflectivity spectra R s -d(w) in the 
frequency range 1700 - 2700 cm -1 are affected by mul- 
tiphonon absorptions of diamond, which cannot be per- 



III. RESULTS 

Pressure-dependent reflectivity spectra are presented 
in Fig. |21 for the polarizations E||a (stacking direction), 
E||6' (direction perpendicular to a, in the a-b plane), 
and E||c* (perpendicular to a and b'). Since the spec- 
tra for E||c* were obtained in a separate experimental 
run, the pressure values are slightly different from those 
for E\\a,b'. 

The E||a reflectivity spectra include a strong mid-IR 
band at around 4600 cm" 1 and a number of sharp vi- 
brational modes below 2000 cm -1 . Most of them are to- 
tally symmetric electron-molecular-vibration (emv) cou- 
pled A g Raman modes of the TMTTF molecule^ The 
application of pressure leads to the gradual increase of the 
low- frequency part (<2000 cm" 1 ) of the reflectivity. At 
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the same time, the reflectivity level of the mid-IR band 
remains almost constant in the whole studied pressure 
range. 

For E||6' the reflectivity level is almost frequency- 
independent at low pressures (<2 GPa), except for 
the broad mid-IR absorption band located at around 
5300 cm -1 . The sharp peak at around 700 cm" 1 is re- 
lated to the Fi„ symmetry vibration of the octahedral 
AsF6 anion^ Other weaker vibrational features for E||6' 
can be assigned to the Bi„ and B2„ IR-active modes of 
the TMTTF molecules^ The application of high enough 
pressure (>2 GPa) results in a pronounced increase of 
the reflectivity in the low-frequency range (<2000 cm -1 ). 
At the same time, the intensity of the mid-IR band de- 
creases, while its frequency position remains almost un- 
changed. In contrast to the other studied directions, 
the reflectivity for E||c* is very low, almost frequency- 
independent (except for the sharp AsFg vibration at 
700 cm -1 ), and does not change with the application 
of pressure up to 6 GPa. 

The value of the low-frequency reflectivity 
(<2000 cm -1 ) is mostly affected by the Drude 
contribution due to free electrons. Therefore, the 
pressure-induced enhancement of the charge transport 
should lead to a higher reflectivity at low frequencies. 
This is illustrated in the inset of Fig- El where the change 
of the reflectivity SR s - d (P) = R s - d {P)/ R s - d (P min )-l 
at 630 cm -1 normalized to the reflectivity at the lowest 
applied pressure P m i n is depicted as a function of 
applied pressure P. The enhancement of the reflectivity 
along the stacks (E||a) is as large as a factor of two at 
5.2 GPa. For E||fe' the increase becomes noticeable only 
above 3 GPa, and reaches one at the highes applied 
pressure. In contrast, the spectra of E||c* show a very 
small increase of only «0.2 at 6 GPa, which cannot be 
analyzed quantitatively. 



IV. ANALYSIS AND DISCUSSION 
A. Longitudinal optical response 

In order to extract the optical conductivity for E||a 
from the measured pressure-dependent reflectivity spec- 
tra, we have carried out a Kramers-Kronig (KK) analysis. 
The application of this method to our data is not trivial 
due to two reasons: (i) The measured reflectivity spec- 
tra cover a limited frequency range; for the KK analysis 
they need to be extrapolated to lower and higher fre- 
quencies and interpolated within the diamond absorption 
range (1700-2700 cm -1 ), (ii) The standard KK relation 
between the reflectivity and phase needs to be corrected 
when it is applied to the sample-diamond interface, R s -d, 
and the necessary correction term contains an a priori 
unknown parameter^! 

As a first step in the analysis of the reflectivity data 
R s - d (uj), we performed an approximate fitting of the re- 
flectivity data. Most of the observed phonon resonances 
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FIG. 4: (Color online) Optical conductivity a\(u) spectra of 
(TMTTF)2AsF6 for E||a as a function of pressure obtained by 
the KK analysis. Inset: Pressure dependence of the spectral 
weight S according to Eq. @. 



are characterized by an asymmetric lineshape and can- 
not be fitted by a simple three-parameter Lorentz model. 
We therefore used an extended four-parameter factorized 
oscillator models for the fitting, which is frequently ap- 
plied for the analysis of IR phonon modes. The dielectric 
function in this model is described by 
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where u>to and ojlo ar e transverse and longitudinal 
frequencies of the j'th polar mode, respectively, jtOj an d 
lLOj their respective damping constants, and the op- 
tical dielectric constant far above the resonance frequen- 
cies. The reflectivity is then calculated according to 



Rs-d = 



rid 



(3) 



With this procedure we were able to fit the measured re- 
flectivity spectra rather precisely. As examples, we show 
the results of the fits together with the measured spectra 
for two pressures (0.5 and 3 GPa) in Fig.^a). 

The obtained fits were used for the extrapolation of 
the experimental spectra to lower and higher frequencies 
necessary for the KK analysis. The reflectivity in the 
diamond absorption range (1700 to 2700 cm -1 ) was lin- 
early interpolated. The KK relation for the phase of the 
reflectivity R s -d has the following formiSiS 
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where ujp is the position of the reflectivity pole on the 
imaginary axis in the complex frequency plane. In case 



of measurements on the sample-air interface, ujp tends 
towards infinity and the second term vanishes. For the 
sample-diamond interface the second term must, how- 
ever, be taken into account. The criterium for the proper 
value of tup is the agreement between the optical conduc- 
tivity obtained by the KK analysis and that from the 
initial fit. For the illustration of the applied data analy- 
sis a comparison of these two spectra is given in Fig. &b) 
for two different pressures; obviously, the agreement be- 
tween the spectra is very good. For all studied pressures 
the best correspondence between the optical conductiv- 
ity spectra obtained by fitting and the output of the KK 
analysis is achieved for the parameter cup = 4000 cm -1 . 

The pressure-dependent optical conductivity spectra 
0-1 (w) of (TMTTF) 2 AsF 6 obtained by the KK analysis 
are presented in Fig. 0] For the lowest applied pres- 
sure (0.5 GPa) the conductivity spectrum is very sim- 
ilar to the published ambient-pressure data^» It can be 
viewed as a broad absorption band centered at around 
2450 cm -1 with a fine structure of vibronic modest This 
mid-IR band is usually attributed to the optical transi- 
tions across the Mott-Hubbard gap»i2iSL24 According to 
our results, the application of pressure causes a gradual 
shift of the position of the band to lower frequencies, ac- 
companied by the onset of a Drude-like conductivity. 

The spectral weight S of the absorption band was es- 
timated by integrating the optical conductivity ai(u>) up 
to uj r = 7000 cm" 1 
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Here, 



denotes the on-chain plasma frequency, N 



the electron density, and m a the electronic band mass 
in a direction. The spectral weight obtained according 
to Eq. (0 is almost pressure-independent (see inset of 
Fig. 0J. The slight monotonic increase of the spectral 
weight (about 5% from the lowest to the highest pres- 
sure) can be attributed to the increase of the charge den- 
sity due to the pressure-induced lattice compression.? 5 

Based on the spectral weight, we estimated the band 
mass m a of (TMTTF) 2 AsF6 for the lowest pressure: with 
a charge density of TV = 1.5 x 10 21 cm -3 , as calculated 
from the lattice parameters^ we obtain a band mass 
m a « 1.8m e (m e being the free electron mass) accord- 
ing to Eq. JSJ. This value is larger than the typical band 
mass in metallic TMTSF salts, where it is almost equal to 
the free electron massi^i The difference is in good agree- 
ment with the calculated values of the room temperature 
bandwidth for various Bechgaard-Fabre saltsJl 

In Fig. [3] the room-temperature E|ja optical conduc- 
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tivity spectra of various Bechgaard-Fabre salt: 
compared with the corresponding results of the present 
(TMTTF) 2 AsF 6 study at the lowest and highest applied 
pressure. For clarity, the curves are offset vertically 
and arranged from the bottom to the top with increas- 
ing chemical pressure, according to the generic phase 
diagram^ The spectrum of (TMTTF) 2 AsF 6 at 5.2 GPa 
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FIG. 5: (Color online) Room temperature optical conductiv- 
ity (Ti(u) spectra of various Bechgaard-Fabre salts for E||a: 
(a) (TMTTF) 2 AsF 6 at 5.2 GPa; (b) (TMTSF) 2 C10 4 ; (c) 
(TMTSF) 2 PF 6 ; (d) (TMTSF) 2 AsF 6 ; (e) (TMTTF) 2 Br; (f) 
(TMTTF) 2 PF 6 ; (g) (TMTTF) 2 AsF 6 at 0.5 GPa. The spec- 
tra (b)-(f) are taken from Refs. ITsll3l . 



is plotted above all other spectra. Obviously, the ap- 
plication of chemical pressure shifts the strong mid-IR 
band to lower frequencies, suggesting the decrease of the 
Mott-Hubbard gap energy which is mostly related to de- 
crease of the stack dimerizationiS24£ As demonstrated 
in Figs. 0] and El the same effects are also induced by 
the application of external pressure to (TMTTF) 2 AsF6. 
However, a more detailed comparison reveals that the 
above-mentioned effects induced by chemical pressure ap- 
pear to be less pronounced in the case of external pres- 
sure: even at a relatively high pressure of 5.2 GPa the 
on-chain optical conductivity of (TMTTF) 2 AsF 6 differs 
from the ambient-pressure spectrum of (TMTSF) 2 AsFg; 
it rather resembles that of (TMTTF) 2 Br. Thus, the spec- 
tral weight of the on-chain optical conductivity strongly 
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FIG. 6: (Color online) The log-log scale plot of the optical 
conductivity spectra <ti(u) of (TMTTF) 2 AsF 6 at different 
pressures. The straight lines are fits according to Eq. @. 
Inset: Power-law exponent 7 and corresponding LL exponent 
K p as a function of applied pressure. 



depends on the type of cation (TMTSF or TMTTF), 
while external pressure mainly changes the inter-chain 
coupling and the energy of the Mott-Hubbard gap. This 
issue will be further discussed in Section FlV Bl 

A measure of the strength of the electronic interaction 
can be obtained by an analysis of the shape of the mir- 
IR band, i.e., the optical transitions across the Mott- 
Hubbard gap>i2iM The optical conductivity well above 
the Mott-Hubbard gap of a ID insulator is expected to 
follow a power-law decay according toA^i*^ 



0i M 



7 = ^ K P 



(6) 



where z — 2 is the order of commensurability and K p 
is the LL exponent characterizing the strength of elec- 
tronic interaction. K p = 1 corresponds to noninteracting 
electrons, K p < 1 to repulsive, and K p > 1 to attractive 
interaction between the electrons. Based on the anal- 
ysis of the low-temperature optical conductivity of sev- 
eral TMTSF compounds, the power-law exponent 7 was 
determined to be 7 ~ 1.3, which corresponds to K p — 
0.23^ Since the studied energy range is significantly 
higher than the thermal energy (%uj ^> fcgT), Eq. © 
should be valid also for the room-temperature optical 
conductivity. An analysis of the corresponding spectra 
in Ref. 19 gives 7=1.8... 2.0 (K p = 0.19 ... 0.20). This 
room-temperature value of K p is only slightly smaller 
than the low-temperature value, indicating the weak in- 
fluence of temperature on the electronic correlations in 
the Bechgaard-Fabre salts. 

We applied Eq. JSJ) to the analysis of our optical con- 
ductivity spectra of (TMTTF) 2 AsF 6 . At ambient pres- 
sure we obtain 7 = 2.85 (K p — 0.13), in agreement 
with the value obtained by fitting the published spec- 
tra of (TMTTF) 2 PF 6 and (TMTTF) 2 Br (3.0 and 2.5, 
resp.)i^& This demonstrates the reliability of our analy- 
sis. The pressure-induced change of the power-law ex- 



ponent is illustrated in Fig. [BJ where the measured con- 
ductivity spectra are plotted in double-logarithmic scale. 
One can clearly observe a gradual decrease of the slope 
with increase of pressure. The inset of Fig. [S] shows the 
power-law exponent 7 and the respective value of K p as 
a function of pressure. At 5.2 GPa we obtain 7 ~ 2 and 
K p = 0.19 for (TMTTF) 2 AsF 6 , i.e., the typical value for 
TMTSF compounds. Obviously, the application of exter- 
nal pressure leads to a gradual decrease of the effective 
repulsive interaction strength in the studied compound 
as it was generally claimed in the earlier work. 19 Since 
K p is close to the value 0.25 at which quarter-filling umk- 
lapp scattering is irrelevant, this means that making the 
system less interacting decreases strongly the Mott gap 
as it was observed in the previous study^ This could 
explain the large variation of the Mott gap with pres- 
sure assuming that the quarter-filled umklapp process 
dominates. Thus, in principle, the effect of the half-filled 
umklapp due to the stack dimerization is not necessary in 
order to explain the electronic behavior in the Bechgaard- 
Fabre salts, although its influence cannot be completely 
excluded. 

Furthermore, the interchain hopping is enhanced as the 
distance between the chains is reduced by external pres- 
sure. This effect can be best followed in the transverse 
optical response as discussed in the next Section. 



B. Transverse optical response 

In the reflectivity spectrum for E||c*, i.e., along the di- 
rection perpendicular to a-b plane, no pronounced elec- 
tronic excitations are found in the whole studied energy 
range. This indicates an insulating behavior similar to 
the c* axis optical conductivity in (TMTSF) 2 C10 4 i^ 
The application of pressure up to 5.8 GPa does not in- 
duce any appreciable change in the reflectivity spectra. 

The optical response along the b' direction, i.e., per- 
pendicular to the stacks of TMTTF molecules, shows 
a pronounced pressure-induced increase of the low- 
frequency reflectivity for pressures above 2 GPa. This 
increase signals the onset of a Drude-like contribution 
and thus the deconfinement of the charge carriers. The 
Drude-like response can be described quantitatively by 
estimating the transfer integral in b' direction. For this 
purpose, we fitted the low-frequency part of the measured 
R s -d spectra for pressures above 2 GPa with a simple 
Drude model, where the dielectric function is described 
by 



uj(uj + iT) ' 



(7) 



with £00 being the background dielectric constant, u> p the 
plasma frequency, and the optical scattering rate T. T 
was considered to be pressure- independent, since at room 
temperature it is mostly determined by the scattering on 
thermal phonons. Its value T ~ 3800 cm -1 agrees with 
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TABLE I: Parameters obtained from the fit of the E||6' reflectivity spectra of (TMTTF)2 AsF6 with the Drude model according 
to Eq. (0: background dielectric constant too, plasma frequency lj p , and dc conductivity <Jdc=£0Up/F. Also listed are the 
auxiliary parameters (unit cell volume V c and carrier concentration n) and the interchain transfer integral calculated according 



to Eq. @. 


p (GPa) 




LOp/2-KC (cm 1 ) 


a dc (fi -1 cm" 1 ) 


v c (A 3 ) 


n (10 21 cm" 3 ) 


t b (meV) 


2.5 


2.80 


2470 


26.7 


560.5 


1.78 


25 


3.0 


2.87 


2710 


32.1 


541.1 


1.85 


27 


3.5 


2.96 


3000 


39.5 


523.9 


1.91 


30 
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3.06 


3300 


47.6 


506.1 


1.98 


33 


4.6 


3.15 


3730 
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literature data on (TMTSF) 2 PF 6 i2&2£ The measured re- 
flectivity spectra of (TMTTF) 2 AsF 6 together with the 
fits are shown in Fig. [7| The parameters of the fits and 
the related dc conductivity, adc = £o^/T, where eo is 
the vacuum dielectric constant, are listed in Table [I] 

With the obtained values of uj p we can calculate the 
interchain transfer integral tb according to 



'ft 



Tre h 2 V c t a LL>l 
4eW : 



(8) 



valid for an open Fermi surfaced Here V c denotes the 
unit cell volume, t a the transfer integral along the stacks, 
and b the interstack separation. In a simple tight-binding 
model t a should scale inversely proportional to the effec- 
tive mass. From the analysis of the spectral weight given 
in Section HV Al we found an effective mass m a = 1.8m e 
which is almost pressure- independent. For Bechgaard 
salts like (TMTSF) 2 PF 6 , which have an effective mass 
equal to the free electron mass, t a is approximately 
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FIG. 7: (Color online) Reflectivity spectra R s -d of 
(TMTTF) 2 AsF 6 for E[|6' together with the Drude fit accord- 
ing to Eq. 0. 



0.25 eVi^Si^l Therefore, we estimated the transfer inte- 
gral to be t a = 0.25/1.8 = 0.14 eV for (TMTTF) 2 AsF 6 
at all pressures. Due to the lack of high-pressure struc- 
tural data on (TMTTF) 2 AsF 6 , we had to make several 
assumptions, in order to obtain b and V c as a function 
of pressure: The parameter b was assumed to be linearly 
pressure-dependent in the whole studied pressure range, 
with the pressure coefficient 2.2 % GPa" 1 taken from the 
data of Gallois et edM. of (TMTSF) 2 PF 6 for pressures 
up to 1.6 GPa. The unit cell volume V c above 2 GPa 
was estimated from the pressure-induced change of the 
background dielectric constant eoo(P) according to the 
Clausius-Mossotti relation^ 



Oft 



eoo (F) + 2 3e V c (Py 



(9) 



where ab is the electronic polarizability of the 
(TMTTF) 2 AsF 6 unit cell in b' direction. The value of 
ab was chosen to fit the known unit cell volume at pres- 
sures below 1.6 GP a 35 i 36 and was assumed to be pressure- 
independent. The carrier density was calculated assum- 
ing one carrier per unit cell. The resulting values of the 
unit cell volume are listed in Table D We verified that 
the variation of the lattice parameters affects the calcu- 
lated charge transfer integral only very weakly compared 
to the uncertainties of the Drude fit. 

The pressure dependence of the transfer integral tb cal- 
culated according to Eq. JSJl is shown in Fig. |S] Above 
2.0 GPa, tb increases approximately linearly with in- 
creasing pressure, with a linear pressure coefficient of 
~5 meV/GPa. At a pressure of 4.5 GPa the value 
of the transfer integral in (TMTTF) 2 AsF 6 becomes 
equal to the ambient-pressure value in (TMTSF) 2 PFg 
(tb — 35 meV)i2Mi According to the generic 
temperature-pressure phase diagram of the Bechgaard- 
Fabre salts^ the separation on the pressure scale between 
(TMTTF) 2 AsF 6 and (TMTSF) 2 PF 6 is about 3 GPa, i.e., 
appreciably smaller than 4.5 GPa. Probably, the reason 
for this discrepancy is the way in which the generic phase 
diagram was obtained. The various Bechgaard-Fabre 
salts are arranged in the diagram mostly according to 
their ground states (spin-Peierls, superconducting etc.), 



whose nature is not determined solely by interchain cou- 
pling. Therefore, one would not expect a perfect agree- 
ment with our room temperature results related to the 
equivalence of tb values. 

With increasing pressure the deconfinement transition 
(trajectory 2 in Fig. ^) is expected to occur when the 
Mott-Hubbard gap A p equals approximately 2tb^^ In 
order to verify this condition, we estimate the pressure 
dependence of the charge gap A p using the expression for 
a ID quarter-filled Mott-Hubbard insulato»i§*i2i 



2A n 



W 



( 9JL ) 



l/(2-8if„) 



(10) 



where W ~ At a is the bandwidth and gu the coupling 
constant of the corresponding umklapp process. The 
pressure dependence of K p was obtained from the anal- 
ysis of the longitudinal optical response. As already dis- 
cussed, our experiment indicates that the bandwidth W 
does not strongly depend on pressure and amounts to 
560 meV. Using the value of A p ~ 70 meV known from 
dc resistivity measurements^ 1 ^ the umklapp coupling 
constant at ambient pressure can be calculated accord- 
ing to Eq. (fTUf> and amounts to gu = 155 meV. Since 
the increase of K p with increasing pressure (see inset in 
Fig. 01 indicates a decrease of the electronic interaction, 
gu should decrease as well. The functional relation be- 
tween gu and K p is, however, not known for the case 
of a strong non-local electron repulsion when K p < 0.5. 
Therefore, we calculated the pressure-dependent charge 
gap A p assuming that all parameters in Eq. I|10fl except 
K p are pressure-independent. 

The resulting values of A p as a function of pressure is 
depicted in Fig. El Accordingly, for (TMTTF) 2 AsF 6 the 
deconfmement transition occurs at P* = 2 GPa. At the 
same time, the interchain transfer integral tb related to 
single-particle hopping should renormalize to zero in the 
confined stated This is directly confirmed by our exper- 
imental results: The Drude-like behavior is not observed 
below 2 GPa indicating a strong suppression of the in- 
terchain charge transfer, as illustrated by the full line in 
Fig. E 

According to the temperature-pressure phase dia- 
gram, which is based on pressure-dependent resistiv- 
ity measurements on the closely related (TMTTF) 2 PFg 
compound, 2 - the deconfinement transition occurs at a 
pressure of 1 GPa at room temperature. This value is 
somewhat lower than the pressure of the deconfinement 
transition in (TMTTF^AsFg obtained in the present 
study. Possibly, this discrepancy is related to the criteria 
which were used to specify the transition: In the men- 
tioned work of Moser et alM* the deconfinement transi- 
tion was identified based on the resistivity behavior along 
the a axis, whereas in the present work we refer to the 
onset of the charge transport along the b' direction. 

The dimensional crossover (trajectory 3 in Fig. ^| is 
expected to reveal itself as an onset of a sharp plasma 
edge™ in the b' direction, i.e., the plasma frequency uj p 
should become significantly larger than the scattering 




2 3 4 

Pressure (GPa) 

FIG. 8: Calculated interchain transfer integral tb (open cir- 
cles) and the charge gap A p (full circles) as a function of 
pressure for (TMTTF)2AsF6. The dashed lines are the linear 
fits of tf> and 2%. P* is the pressure at which the deconfine- 
ment transition takes place. The full line schematically shows 
the vanishing of at the transition pressure. 



rate T («3800 cm 1 ). According to the values of uj p 
given m Table H the Drudc response is overdamped (i.e., 
Lu p < 2T) in the whole studied pressure range. Thus, 
even at 6 GPa (TMTTF) 2 AsF 6 is presumably in a ID 
LL state, and the dimensional crossover is expected to 
occur only at even higher pressure. According to the lin- 
ear extrapolation (not shown) of the pressure dependence 
of uj p (which is proportional to tb) the condition uj p = 2Y 
for the dimensional crossover is fulfilled at a pressure of 
P cr = 12.8 GPa. The estimated value of the interchain 
transfer integral at this pressure is t^ 1 " w 75 meV. 

The so-obtained value of P cr does not agree with the re- 
sults of dc resistivity measurements along c* published by 
Moser et ali^ There, a strong increase of the dimensional 
crossover temperature T cr with application of pressure 
was demonstrated, such that T cr should reach room tem- 
perature at 3 GPa for (TMTTF) 2 PF 6 and at 1 GPa for 
(TMTSF) 2 PF 6 . The former value is smaller by a factor 
of about four compared to our estimation based on the 
criterium of the underdamped Drude response. There- 
fore, we suggest that this criterium should not be used 
for the precise determination of the dimensional crossover 
pressure or temperature. Rather, the observation of a 
well underdamped Drude response (u p 3> 2T) could be 
taken as a criterium that the system can no longer be 
considered as one-dimensional. 



V. CONCLUSIONS 

In summary, we studied the mid-IR reflectivity of 
(TMTTF) 2 AsF6 at room temperature with the incident 
radiation polarized along the a, and c* direction as a 
function of quasi-hydrostatic pressure. 
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The pressure dependence of the optical conductivity 
along the molecular stacks (E||a) demonstrates a grad- 
ual onset of a Drude-like response accompanied by a de- 
crease of the charge gap with increasing pressure. We 
found the band mass along the stacks nib — 1.8m e to be 
weakly pressure-dependent. Assuming that the ID Hub- 
bard model describes the properties of (TMTTF^AsFg 
correctly in the high-energy limit (i.e., above 2500 cm -1 ), 
where the optical conductivity decays according to a 
power law <J\{uj) ~ w~ 7 , we found the exponent 7 to 
decrease from 2.9 at ambient pressure to 2.0 at 5.2 GPa. 
The corresponding LL exponent K p increases from 0.13 
to 0.19 indicating a weakening of the electronic interac- 
tion. 

Perpendicular to the stacks the onset of an over- 
damped Drude-like optical conductivity is observed 
above 2.5 GPa for E||6'. The analysis of the data 
suggests a linear pressure-induced change of the inter- 



chain transfer integral tb- The absence of a noticeable 
Drude component below P* pa 2 GPa and its appearance 
above this pressure is interpreted in terms of a pressure- 
induced deconfinement transition at P*. For this pres- 
sure value the interchain transfer integral tb is approxi- 
mately equal to half the charge gap energy A p . For E||c* 
(TMTTF)2AsF6 remains insulating up to the highest ap- 
plied pressure. 
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